Bovine leukemia virus (BLV) is silent in most cells detectable in vivo, and the repression of its expression allows BLV to evade the host's immune response. In this study, we examined whether CpG methylation of DNA might be involved in the regulation of the expression of BLV in vivo. To investigate the effects of CpG methylation on the activity of the long terminal repeat (LTR) of BLV, we measured the transactivation activity of this region after treatment with the CpG methyltransferase SssI by using a luciferase reporter system. The activity of methylated LTR was significantly lower than that of nonmethylated LTR. Therefore, we examined the extent of CpG methylation of the U3 region and part of the R region of the LTR in BLV-infected cattle and in experimentally BLV-infected sheep at various clinical stages by the bisulfite genomic sequencing method. We detected no or minimal CpG methylation at all stages examined in cattle and sheep, and our results indicate that CpG methylation probably does not participate in the silencing of BLV in vivo.
Bovine leukemia virus (BLV), which is closely related to human T-cell leukemia virus types 1 and 2 (HTLV-1 and HTLV-2), is the etiologic agent of enzootic bovine leukosis (EBL), a disease characterized by a very extended course that often involves persistent lymphocytosis (PL) and culminates in B-cell lymphosarcoma (2) . Sheep that are experimentally inoculated with BLV develop B-cell tumors at a higher frequency and with a shorter latency period than naturally infected cattle (1, 8) . BLV encodes at least two apparently unique regulatory proteins, Tax and Rex. Tax acts on a triplicate 21-bp motif, known as the Tax-responsive element, in the U3 region of the long terminal repeat (LTR), and it stimulates transactivation of the viral genome (6, 37) . Rex interacts with a sequence known as the Rex-responsive element in the R region of the 3Ј LTR of BLV mRNA and enhances the cytoplasmic accumulation of singly or nonspliced transcripts that encode structural proteins (Gag, Pol, and Env proteins) (7, 25) .
After infection of cattle, the expression of BLV is blocked at the transcriptional level during the latency period (14, 17) , and such repression appears to be very important in the escape of BLV from the host's immunosurveillance system. Such silencing is also observed in sheep infected with BLV (17, 25) . By contrast, the synthesis of viral RNA is induced within 1 h when peripheral blood lymphocytes (PBL), purified from the blood of infected animals, are placed in culture, even in the presence of cycloheximide, an inhibitor of protein synthesis (17, 25) .
The mechanism responsible for the BLV silencing is unknown. It has been reported previously that BLV-infected cattle retain a full-length proviral genome throughout the course of the disease, suggesting that BLV silencing is not associated with genetic deletion(s) in the BLV proviral genome (32) . However, recent findings indicate that a viral enhancer sequence appears to be suitable for both the activation and the repression of viral expression (18) . Rex might decrease the expression of viral proteins by suppressing the expression of tax and rex RNA (7, 25) . However, the continuous expression of viral transcripts can be observed in many types of cultured cells that have been stably transfected with an infectious molecular clone of BLV (11) , indicating that Rex alone is insufficient for the repression of viral expression.
In mammals, 60 to 90% of cytosine residues in all CpG dinucleotides are methylated and many of the nonmethylated CpG sites are found in so-called "CpG islands," which usually include functional promoters. The CpG methylation is correlated with the repression of gene expression, but the mechanism responsible for this phenomenon remains unknown. Recent studies have provided insight into the mechanism of transcriptional repression by methyl-CpG-binding proteins (12, 22) . For example, MeCP2, which is a methyl-CpG-binding protein, interacts with the transcriptional corepressor Sin3, which is a histone deacetylase, and this observation suggests that the repression of gene expression by CpG methylation might involve chromatin modification (12, 21) . The extent of methylation of many proviral genomes has also been examined in studies with methylation-sensitive restriction enzymes that can discriminate between the presence and the absence of methylation of cytosine residues at their recognition sites. Such studies demonstrated that proviral DNA is methylated in the PBL from BLV-infected cattle and HTLV-1-infected patients (5, 13, 15, 23) . In MT4 cells transformed with HTLV-1, which express a low level of viral RNA, the proviral genome is heavily methylated, and the treatment of such cells with 5-azacytidine, a demethylating agent, results in an increase in viral expression (30) . In vitro methylation of the HTLV-1 LTR-chloramphenicol acetyltransferase construct or an LTR-luciferase construct resulted in significant inhibition of the transcription of the genes in transfected cells (3, 31) . These findings suggest that methylation of the proviral genome might serve to prevent viral expression. On the other hand, differences in the extents of methylation have been noted among various regions of the proviral genome in PBL of BLV-infected cattle and HTLV-1-infected patients (15, 23) . However, studies with restriction enzymes lack overall sensitivity because of their dependence on restriction sites and, hence, the pattern of CpG methylation within an integrated proviral LTR remains to be clarified. A more sensitive method for the detection of DNA methylation, known as bisulfite genomic sequencing, was developed (4). Using this method, Koiwa et al. demonstrated the hypermethylation of the 5Ј LTR and the accompanying hypomethylation of the 3Ј LTR both in latently HTLV-1-infected cell lines and in HTLV-1-induced-adult T-cell leukemia cells that harbored a complete provirus (16) . These findings indicate that it is necessary to investigate the methylation status of the proviral genome of BLV, and that of the LTR in particular, by a more sensitive method than restriction enzyme digestion. In this study, we examined the possible role of CpG methylation of the BLV LTR in the silencing of BLV by using a reporter gene and an LTR that had been methylated in vitro. We also examined the levels of CpG methylation of parts of the LTR in BLV-positive cattle and experimentally BLV-infected sheep by bisulfite genomic sequencing.
We investigated the effects of CpG methylation of the BLV LTR on the transactivation activity of the LTR by using a luciferase assay. A reporter plasmid, pGV-BLTR, in which the entire LTR was linked to the upstream region of a firefly luciferase gene (33) was methylated with CpG methyltransferase SssI (New England Biolabs, Beverly, Mass.). Human embryonic kidney 293T cells (3 ϫ 10 5 cells/well in 6-well culture plates) were transfected with 1 g of SssI-treated or untreated pGV-BLTR, 1 g of the control plasmid pME18Neo or the Tax-expressing plasmid pME18Neo that encoded wildtype BLV Tax (33), and 0.3 g of the reference plasmid pRL-SV40, which encoded Renilla luciferase (Promega, Madison, Wis.) as described previously (33) . Sixty hours after transfection, cells were harvested and the activities of firefly luciferase and Renilla luciferase were measured in cell lysates (Fig. 1) . We observed Tax-driven transactivation of the LTR when cells were cotransfected with the Tax-expressing plasmid and pGV-BLTR that had not been treated with SssI. The transactivation activity of Tax was markedly decreased when untreated pGV-BLTR was replaced by methylated pGV-BLTR (the percentage of the inhibition of transcription by SssI methylation was 96.0%). We observed a similar phenomenon when SssI-methylated pGV-BLTR was used together with the control plasmid to transfect cells (the percentage of the inhibition of transcription by SssI methylation was 92.8%). Similar results were also obtained when we used bovine lymph node 23CLN cells for the luciferase assay (data not shown). These results demonstrated that CpG methylation of the BLV LTR repressed the activity of the LTR, irrespective of the presence or absence of Tax.
The results described above suggested that CpG methylation might regulate the expression of BLV in vivo. Therefore, we attempted to characterize the extent of methylation of the U3 region and part of the R region, which are the major regulatory regions of the proviral LTR that controls the expression of BLV in BLV-positive cattle, by the bisulfite genomic sequencing method (4), with slight modifications. We prepared genomic DNA from PBL of a BLV-infected but clinically healthy cow (A42) and a cow with PL (NIAH 91) and from the tumor tissues and PBL of cows with EBL (pr2169 and pr2175) by standard methods, as described elsewhere (10) . We denatured 3-g aliquots of DNA in 30 l of 0.25 M sodium hydroxide for 10 min at 37°C, added 460 l of 3 M sodium bisulfite (pH 5.0) and 10 l of 25 mM hydroquinone, and then incubated each mixture for 15 h at 55°C. The bisulfite-modified DNA was purified with a Wizard DNA Clean-Up System (Promega), denatured in 0.25 M sodium hydroxide, precipitated, and resuspended in 50 l of distilled water. Aliquots (1 l) of bisulfite-modified DNA were amplified by PCR with primers F5 and R7 (as shown in Table 1 a Genomic coordinates are given with reference to clone BLV-I (29). Sequences of F8 and F9 were derived from the 5Ј flanking region of the proviral genome from a cow (pr2169), as shown in Fig. 3 . polymerase (Ohtsu, Shiga, Japan). Amplification was achieved by 30 cycles of incubation at 94°C for 30 s, at 60°C for 30 s, and at 72°C for 30 s. Aliquots (1 l) of the products of the first PCR were also amplified by seminested PCR by using the same conditions as those of the first PCR, with primers F5 and R6 (nucleotides [nt] 30 to 145) and primers F6 and R7 (nt 170 to 254) ( Table 1 and Fig. 2 ). The products of PCR were blunted with T4 DNA polymerase and introduced into the EcoRV site of pBluescript II SK(ϩ) (Stratagene, La Jolla, Calif.). The cloned DNAs were then sequenced as described previously (33) (Fig. 3) . We obtained no or very few clones derived from methylated DNA from either symptomatic or asymptomatic cattle. Furthermore, in clones derived from methylated DNA, only a few CpG sites had been methylated. In this experiment, we used primers that corresponded to an LTR sequence in which two CpG sites (nt 19 and nt 272) were not methylated, and such primers might be inadequate for the amplification of LTR with significant methylation. Therefore, we next examined the methylation statuses of proviral LTRs from BLVinfected but healthy cows (A21, A23, and A42), a cow with PL (NIAH 91), and a cow with EBL (pr2175) by using primers F5-19m and R7-272m that corresponded to LTR sequences in which positions 19 and 272, respectively, were methylated (Table 1 and Fig. 2) . As in the experiments described above, hardly any of the sequenced clones were clones of methylated DNA (Fig. 4) . We also examined the methylation status of the SssItreated proviral genome from cattle with PL, after preparation of genomic DNA, as a positive control (Fig. 3 and 4) . The relative number of clones of methylated DNA amplified from the SssI-treated genome from cattle with PL was significantly higher than that of methylated DNA amplified from the untreated genome; approximately 50% of sequenced clones were clones of DNA that had been methylated at many CpG sites, indicating that the deduced hypomethylation of the source DNA of most of the LTR clones described above was not due to methodological problems.
In the experiments described above, we characterized the extent of CpG methylation in both the 5Ј LTR and the 3Ј LTR at the same time. In the proviral genome of HTLV-1, however, the 5Ј LTR is hypermethylated while the 3Ј LTR is hypomethylated (16) . Therefore, we next tried to examine the methylation status of the two LTRs independently. We first cloned the 5Ј flanking region of the proviral genome by inverse PCR to determine the nucleotide sequence of the region. Genomic DNA from the tumor tissue of a cow with EBL (pr2169) was digested with BamHI, BclI, BglII, and BstYI, and the fragments were self-ligated. We then amplified the self-ligated DNA by PCR with primers 5Ј-GAGCTCTCTTGCTCCCGAGAC-3Ј (nt 256 to 276) and 5Ј-GTCGACGTCTCTGTCTGGTTTAC G-3Ј (nt 64 to 41) and EX Taq DNA polymerase. Amplification was achieved by 35 cycles of incubation at 94°C for 30 s, at 60°C for 30 s, and at 72°C for 2 min. The PCR products were subcloned into plasmid pGEM-T (Promega), and their sequences were determined (Fig. 5A) . The resultant 5Ј flanking sequences were used to design two sense primers, F8 and F9. We also designed a sense primer, F7, on the basis of the sequence of the pX region of BLV for amplification of the bisulfite-modified 3Ј LTR. We then characterized the CpG methylation of the U3 region and part of the R region of the 5Ј LTR by using primers F8 and R7 for the first PCR and primers F9 and R7 for the second, seminested PCR and that of the 3Ј LTR by using primers F7 and R7, as described above ( Fig. 5B and C) . We found that only 1 clone among 23 clones of the 5Ј LTR and 1 clone among 15 clones of the 3Ј LTR were methylated and that each of these clones had only one site of CpG methylation. Thus, our results demonstrated that, in the host cattle tested, the transcription-regulating region of proviral BLV was barely methylated, irrespective of the clinical stage of infection. Therefore, CpG methylation appears not to be associated with the latency of BLV. Sheep can easily be infected with BLV under experimental conditions, and we next investigated whether the methylation status in the U3 region and part of the R region of the BLV LTR in BLV-infected sheep might change with the level of expression of viral RNA. We inoculated sheep G279 with an infectious molecular clone of BLV (35) , and then we collected blood 5, 9, and 21 weeks after inoculation. The methylation statuses of regions from nt 31to 149 and from nt 157 to 255 FIG. 3 . CpG methylation of the U3 region and part of the R region of the LTR of BLV provirus in BLV-infected cattle at various stages of infection. The methylation status that gives rise to the various clones is indicated for each sample. Methylated and unmethylated sites are shown as filled circles and open circles, respectively. The numbers of methylated and unmethylated sequences that were cloned relative to the total number of clones examined are given to the right of the circles. Arrows indicate regions that were amplified, cloned, and sequenced in this experiment.
were examined by using the primers shown in Fig. 2 (Fig. 6 ). The expression of BLV RNA in vivo was also checked by RT-PCR as described previously (34) . Viral RNA was clearly detectable 5 and 9 weeks after infection, but the level of RNA was significantly lower 21 weeks after infection. However, we detected no differences in the relative numbers of methylated clones from the various time points, and moreover, almost all clones examined were derived from unmethylated DNA. This result confirmed that in BLV-infected sheep, as well as in BLV-infected cattle, BLV expression is not correlated with the methylation of the U3 region and part of the R region of the proviral genome.
In the present study, we evaluated the possible involvement of CpG methylation of the BLV LTR in the regulation of viral expression. We characterized the extent of CpG methylation of the U3 region and part of the R region of the LTR, which includes most of the elements that regulate the expression of BLV, in BLV-infected cattle and in experimentally infected sheep at various stages by the bisulfite genomic sequencing method. Our observations indicated that most of the CpG sites in the U3 region and part of the R region of the proviral BLV genome were not methylated in BLV-positive animals. Nonetheless, we also showed that the transactivation activity of LTR was reduced after treatment with the CpG methyltransferase SssI. These results raise the possibility that CpG methylation is required for silencing induction but not for maintenance of BLV silencing. However, in our reporter assay, the reporter plasmid pGV-BLTR was not integrated into the cellular genome in transfected cells, an observation that indicated that the repression of BLV expression by CpG methylation in vitro is not necessarily reflected by events in PBL that harbor an integrated proviral genome. Therefore, we conclude that CpG methylation does not contribute to BLV silencing.
In contrast to our results for BLV, the 5Ј LTR in HTLV-1 is hypermethylated and the 3Ј LTR is hypomethylated in both latently infected cell lines and in adult T-cell leukemia cells with a complete provirus and, moreover, the expression of proviral genes is activated by an inhibitor of DNA methyltransferases in latently infected cell lines (16, 30) . These findings indicate that hypermethylation of the 5Ј LTR is involved in the silencing of HTLV-1 gene expression. Thus, it appears that HTLV-1 and BLV repress viral expression by different mechanisms in vivo. It remains to be determined why two such closely related viruses have developed different silencing mechanisms, but the difference might be related to the fact that the target cells of the viruses are different: the target cells of BLV and HTLV-1 are T cells and B cells, respectively. Other reasons, such as differences in the host species, also might be involved.
The expression of BLV is induced within 1 h when PBL purified from the blood of infected animals are cultured at 37°C (17, 25) , and moreover, levels of BLV RNA increase within a few hours when whole blood from BLV-infected cattle is incubated at 37°C (S. Tajima, unpublished data). Therefore, it is possible that CpG demethylation would not be appropriate for rapid induction of the synthesis of viral RNA. What regulates the expression of BLV in vivo? It has been proposed that certain factors present in the plasma of BLV-infected animals might silence viral expression (9, 36, 38) , and interleukin-10 reduces the level of expression of BLV mRNA in lymphocytes from BLV-infected cattle after culture in vitro (26) (27) (28) . A recent study also suggests that the acetylation and deacetylation of histones and/or transcription factors might be involved in the regulation of the expression of BLV (19) . Furthermore, some reports have showed the presence of a methylationindependent mechanism for the silencing of retroviral expression (20, 24) . Mizutani et al. demonstrated the possibility that factors that participate in chromatin remodeling but not in DNA methylation might play a critical role in retrovirus silencing (20) . Indeed, the inhibition of histone deacetylases stimu- lates BLV expression in vivo, indicating that the deacetylation of histones and/or certain transcription factors might be important for the repression of BLV expression (19) . Detailed analysis of the acetylation, methylation, and phosphorylation of histones and transcription factors that interact with the BLV LTR in vivo is necessary to understand the mechanism of BLV silencing. 
